Energy transfer experiments are carried out at dilute concentrations of donors ͑10 Ϫ4 M , coumarine 334͒ and acceptors ͑5ϫ10 Ϫ6 M , sulforhodamine 101͒ in a levitated microdroplet ͑diameter, 2aϭ19 m͒, using an aerosol particle fluorescence microscope. Microphotographs in donor and acceptor luminescence show that the transfer mechanism is not of a Förster type, but is mediated by morphology dependent resonances ͑MDRs͒ of the microdroplet. The transfer is vanishingly small in the central region of the droplet (rϽ0.9a), and grows to a pronounced maximum beneath the surface ͑active region͒, consistent with the theory of MDR-enhanced energy transfer. The angular intensity profile of the acceptor image, along with current theory, suggests that the energy transfer is a maximum with the donor and acceptor at equal distances on opposite sides of the droplet center, ϳ18 m apart. From photometry we measure an overall ratio of acceptor to total luminescence of 7%. Within the active region the transfer efficiency is above 50%. This yield is ϳ1000ϫ that expected from Förster transfer. This effect may be understood from a modification in the photon density of states in this region, which leads to efficient photon emission into MDRs.
I. INTRODUCTION
In 1985 Folan, Arnold, and Druger 1 reported that intermolecular energy transfer within a dilute microdroplet ͑ac-ceptor concentration [A]ϳ10
Ϫ5 -10 Ϫ6 M and diameter 2aϳ20 m͒ shows an extremely weak dependence on acceptor concentration in comparison with the linear falloff which is characteristic of Förster transfer. As the concentration of acceptor molecules was further reduced to 3ϫ10
Ϫ7 M the efficiency of the process exceeded that expected from the Förster mechanism in bulk by over two orders of magnitude. 2 The phenomenon was explained, at that time, by invoking a mechanism in which electrodynamic resonances of the particle ͑morphology dependent resonances, MDRs͒ are stimulated by donors and subsequently the energy in these MDRs is absorbed by acceptors. This MDR-enhanced energy transfer mechanism has been supported more recently by several theoretical papers. [3] [4] [5] [6] However, the original experiments could not rule out a contribution to the transfer due to enhanced Förster transfer associated with precipitation or surface segregation of the transferring molecules. In what follows we will show that it is possible to separate these two mechanisms by the use of fluorescence microphotography on a single isolated droplet. In addition, a photometric analysis of the images enables us to estimate the quantum efficiency for the process.
A case for using microphotography is made by the extreme difference in length scales which are associated with the two mechanisms. Although Förster transfer 7 has a range considerably less than the wavelength of light ͑ϳ50 Å͒, the MDR mechanism is ''global,'' i.e., the MDRs correspond to electrodynamic modes defined by the entire perimeter of the droplet. In fact, in the first theoretical paper on the effect, Druger et al. 3 predicted that the MDR mechanism should be most efficient with donor and acceptor molecules at equal distances on opposite sides of the droplet's center, and just within the rim of the droplet. For a droplet 19 m in diameter, the optimal separation would be ϳ180 000 Å, 3 a range easily resolved by optical imaging. However, near the center of the droplet the transfer efficiency is predicted to drop to zero. Consequently, if a Förster process is responsible for the apparent energy transfer enhancement, images of the particle surface ͑edge͒ taken separately in donor or acceptor luminescence should look virtually identical. Conversely, if the MDR mechanism is responsible there should be a remarkable difference between these two images.
A distinguishing feature of the image associated with MDR-enhanced energy transfer lies in its spatial symmetry and radial dependence. To understand these aspects, and other effects which will be important in interpreting our images, we briefly review the MDR mechanism.
Although a semiclassical 3, 6 or quantum mechanical 4, 5 approach may be used in understanding MDR-enhanced energy transfer, we will principally review the latter. Based on the quantum mechanical model, 4 MDR-enhanced energy transfer is treated as a two-step process. In the first step the excited donor succumbs to quantum fluctuations in the local electromagnetic field associated with an MDR and emits a photon into the MDR. The photon resides within the MDR until it is absorbed by an acceptor molecule or leaks into the rest of the universe.
The enhancement arises from two separate contributions. 4 First, enhancement in the photon density of a͒ Author to whom all correspondence should be addressed. Tel.: ͑718͒260-3085. FAX: ͑718͒260-3139, e-mail: arnold@photon.poly.edu states at a resonant frequency r generates enhanced quantum fluctuations over those in bulk, which cause the donor to preferentially emit into an MDR. This is commonly expressed by noting that the ratio of the local density of photon states near the resonant frequency of an MDR and within its active region p (r d , r ) is much greater than the density of states in bulk b ( r ). The photon in the MDR may be thought of as circumnavigating the particle while being confined by grazing ''nearly total'' internal reflections. 8 Second, this optical confinement mechanism enhances the residence time of the photon in the particle over that in bulk, which enhances the probability of absorption by an acceptor. Such modes have been estimated to have resonant Q's approaching 5ϫ10 6 within glycerol particles 10 m in radius; 2 the photon has an effective path length Lϳ30 cm! This relatively large length in comparison to the particle size has been used to account for the weak concentration dependence in the original energy transfer experiments. 2 Aside from higherorder multiparticle scattering ͑molecular͒ and other many body processes, 6 which have been neglected in the current discussion, the probability for absorption by acceptors having a cross section a and density a is (1Ϫe Ϫ a a L ). Therefore an acceptor concentration several times the characteristic concentration a,c ϭ1/ a L leads to ''saturation.'' For a typical dye having a ϳ1ϫ10 Ϫ16 cm 2 and Lϭ30 cm, the characteristic concentration is 5ϫ10 Ϫ7 M . Let us now examine the spatial character of MDRenhanced energy transfer. Figure 1͑a͒ depicts a donor molecule positioned under the surface of a spherical particle ͑radiusϭa͒ with its transition moment along the z-axis. When it emits into an MDR, the photon has an equal probability of moving along any meridian. Consequently its state function must include all of these degenerate paths. However, the paths meet at the antipodal point, which makes the probability of finding the photon in this region relatively large. In fact, due to the long-lived nature of these modes, the photon essentially returns as many times to the pole as it does to the antipole, and consequently the probability of finding a photon in either of these regions is equally as great. Druger in his semiclassical treatment of the MDR-enhanced energy transfer, 3 calculated its angular dependence. For a radially oriented emission moment ͑donor͒ at r d and a radially oriented absorption moment ͑acceptor͒ at r a , the angular dependence of the transfer rate follows the square of a Legendre polynomial whose order corresponds to the angular momentum l of the MDR,
2 . This function possesses inversion symmetry,
Consequently, as seen in Fig. 1͑b͒ , the transfer is equally large for an acceptor near the donor ͑but beyond the Förster range͒ as it is for one which is diametrically opposed. Although our example has focused on radial transition moments which can only couple through transverse magnetic modes ͑TM͒, this inversion symmetry can be shown to be a general feature. 3 In the semiclassical treatment the rate of transfer between a randomly oriented donor at r d and a randomly oriented acceptor at r a , g͑r a ,r d ͒, follows the simple rule g͑Ϫr a ,r d ͒ϭg͑r a ,r d ͒. The radial dependence of the transfer was also calculated by Druger et al. 3 Figure 1͑c͒ , reproduced from Fig. 2 of Ref. 3, shows a typical radial dependence of the total energy transfer T(r d ) when a donor at r d within a glycerol particle ͑diameter 2aϭ10 m͒ couples its energy through various TM modes to acceptors within a uniform distribution. A common feature is the lack of energy transfer within the central region of the particle. The peaks in the outer region correspond to modes having the same angular momentum lϭ76 and polarization ͑TM͒, but differ in radial quantum number, ; TM 76
modes. The first-order mode with only one peak at ϳ93% of the particle radius is by far the longest lived, and is therefore expected to be dominant in the transfer.
From the previous discussion we can anticipate the shape of the acceptor image based on the MDR mechanism. If we imagine that an arbitrary spatial distribution of excited donors d ͑r d ͒ transfers to a uniform distribution of acceptors, the rate of generation of excited acceptors at r a , R a ͑r a ͒, will be imprinted with inversion symmetry
Therefore, if most of the excited donors are on one side of the particle, the distribution of excited acceptors will show two peaks, which are diametrically opposed. In addition, the radial dependence should show a distinct rim just beneath the surface with insignificant acceptor luminescence within the central region.
In what follows we will show, through microphotography on a levitated microdroplet, that transfer within the droplet at dilute concentrations is controlled overwhelmingly by the MDR mechanism.
II. EXPERIMENTAL APPROACH
Experiments were carried out in air at atmospheric pressure in an aerosol particle microscope 9 setup for fluorescence imaging ͑aerosol particle fluorescence microscope͒, Fig. 2 . This microscope uses a long working distance high numerical aperture objective ͑N.A.ϭ0.4͒ with a primary magnification of 30ϫ. The particle is confined in a Paul trap having a static levitation field 10,11 ͑a.k.a. electrodynamic levitator trap͒. In addition, small electrodes have been implanted in the midplane of the torus and electrified in order to cancel in-plane stray static fields at the trap center. With this addition, systematic fluctuations are eliminated and the rms displacement of the particle from the center of the trap y rms is limited only by stochastic fluctuations associated with molecular collisions. For the present experiments y rms is less than the optical wavelength, consistent with recent theory. 12 Consequently our images have a resolution limited only by the optical resolution of the microscope and the pixel resolution of the CCD camera; effective resolution Ϸ0.9 m.
Individual microdroplets ϳ30 m in diameter were charged by induction and injected into the levitator trap using an on-demand picopipette. 11 The droplets were generated from a glycerol-water solution containing donor and acceptor dyes. The donor and acceptor were coumarine 334 ͑C334͒ and sulforhodamine 101 ͑SR101͒, respectively. After injection into dry air, most of the water component evaporated leaving a dyed glycerol droplet ϳ20 m in diameter. The typical concentrations for the donor and acceptor in the glycerol droplet were 10 Ϫ4 M and 5ϫ10 Ϫ6 M , respectively. The particle was irradiated from the side with an unpolarized and unfocused beam from a 7 mW He-Cd laser ͑in-cident intensity р0.6 W/cm 2 ͒ at 442 nm ͑Fig. 2͒. At this wavelength the direct excitation of SR101 is negligible in comparison to the excitation of C334 ͓i.e., molar extinction ϫconcentration ratio ͑⑀͒ C334 /͑⑀͒ SR101 ϭ168 at 442 nm͔.
Fluorescence images were recorded on a cooled CCD camera, for an exposure of 30 sec., through colored glass filter combinations. The donor ''DF'' filter combination ͑Corning 3-72ϩ4-72͒ selectively transmits C334 fluorescence, whereas the acceptor ''AF'' filter combination ͑Corn-ing 3-72ϩ2-63͒ transmits SR101 fluorescence and a small fraction of the C334 fluorescence spectrum. Bulk fluorescence spectra for both the donor and acceptor are shown in Fig. 3 along with the filter transmission functions ͑DF and AF͒.
III. EXPERIMENTAL RESULTS
To test the veracity of our imaging technique we first imaged a particle containing only C334 ͑1ϫ10 Ϫ4 M ͒ through both the DF and AF filter combinations. The images appeared to be identical, although the total image intensity through the AF filter set was only 21% of the intensity through the DF filter set. With the assurance that the filter sets contributed no noticeable distortion we proceeded to the energy transfer system.
Images were taken of a glycerol particle containing C334 ͑1ϫ10
Ϫ4 M ͒ and SR101 ͑5ϫ10 Ϫ6 M ͒ dyes. Figure  4͑a͒ shows a topograph of the image of a particle 19 m in diameter taken through the DF filter combination ͑DF image͒. It clearly shows focusing of light on the far side ͑side opposite the incident beam͒. In Fig. 4͑b͒ a topograph of the same particle is shown after imaging through the AF filter set. This image is distinct from that in Fig. 4͑a͒ in a image far from the center appear to be elongated in the direction of the incident light, corresponding contours for the AF image are almost circular. It is interesting to note that the intensity at the center of the AF image is 0.21 of the intensity at the center of the DF image; the same fraction which we encountered for the particle doped only with C334. Emission at the center appears both visually and spectrally to originate only from excited donors.
The observation that the luminescence emanating from the center of the particle in the AF image is due to donor emission provides the opportunity to uncover the underlying image due to acceptor luminescence. This is simply done by subtracting 21% of the DF image in Fig. 4͑a͒ from the AF image in Fig. 4͑b͒. Fig. 5͑a͒ shows the resulting image. The corresponding topograph of this ''acceptor image'' appears to be a crater with no intensity in the center and peaks of nearly equal height on the near and far sides. The integrated energy within this image is Ϸ7% of the combined energy in both the donor image ͓Fig. 4͑a͔͒ and the acceptor image. Maxima in acceptor luminescence occur at two points nearly a diameter apart even though the greatest density of donor luminescence is on the far side ͓Fig. 4͑a͔͒; the side at which the laser intensity is concentrated due to geometrical focusing.
IV. INTERPRETATION OF RESULTS
The evidence for MDR-enhanced energy transfer is quite clear. The lack of intensity at the center of the acceptor image is consistent with the predictions of Druger et al., 3 with respect to the radial dependence of the MDR-enhanced energy transfer, which predicts no transfer at the center and an active region beyond 0.9a ͓Fig. 1͑c͔͒. In addition, the acceptor image clearly shows the inversion symmetry predicted by theory ͓Fig. 1͑b͒ and Eq. ͑1͔͒.
It is possible to extract the efficiency of coupling between the donor molecule and MDRs in the overlap region FIG. 5 . ͑a͒ ''Acceptor image,'' rainbow colored to highlight intensity variations; produced by subtracting 21% of the DF image in Fig. 4͑a͒ from the AF image in Fig. 4͑b͒ . ͑b͒ Topograph of the ''acceptor image.'' from our data. The energy transfer rate is the product of the rate of excitation of the MDRs by the donor molecule times the probability P that the resulting photon is absorbed. Our experiments are run under conditions of saturation.
1 Essentially all photons launched into high Q modes are absorbed, i.e., PϷ1, and the rate of transfer is controlled by the rate of exitation of these MDRs by the donor. Since our experiments utilize high quantum efficiency fluors ͑i.e., qϷ1͒, the relative luminescence from the acceptor of 7% represents the overall energy transfer efficiency within the droplet. However, since the active volume, which is composed of modes of several orders, is ϳ10% of the particle volume, 3 most of the donor molecules do not couple efficiently to MDRs. Consequently, the average efficiency for coupling into the modes in the active region is considerably larger than the overall measured efficiency. If we take the distribution of donors to be uniform, the efficiency for coupling into the modes in the active region would be approximately 70%. This level of transfer is nearly 1000 times that expected from Förster transfer, at our concentrations. 13 The large emission from donor molecules into absorption dominated MDRs in the outer region of the particle may be understood from a modification in the density of photon states in this region. To appreciate this, one merely has to compare the number absorption dominated states within the particle with the corresponding number of states in a bulk medium of the same volume and refractive index n. In bulk, the density of states at frequency is b ϭ8
2 n 3 /c 3 , and its integral over the particle volume V is ͗(dN/d) r ͘ϭ͗2lϩ1͘S ad f , where S ad is the average spectral density of absorption dominated modes, and f is the ratio of the widths of the overlap spectrum to the emission spectrum. On this basis the ratio R of emission into absorption dominated MDRs compared to all modes within the particle is
There have been extensive calculations of the number of modes of various widths in microspheres. 14 For a particle of glycerol 9.5 m in radius ͑Vϭ3.6ϫ10 Ϫ9 cm 3 ͒, with nϭ1.47, the number of resonances which are long enough lived to be absorption dominated ͑QϾ5ϫ10 5 ͒ at our acceptor concentration and limited in Q to the upper limit measured in glycerol ͑Q max Ͻ10 7 ͒ have an average spectral density of 1/33 mode per cm Ϫ1 or S ad ϭ1.0ϫ10 Ϫ12 Hz Ϫ1 and an average degeneracy of ͗2lϩ1͘Ϸ335. The ratio f for our system is Ϸ1. By taking ͗͘ as the frequency at the center of the overlap region, 5.25ϫ10 14 Hz, we find Rϭ0.11, which is in good agreement with our overall measured efficiency of 7%. When one considers that the active region makes up about ϳ10% of the particle volume, 3 the calculation implies that an majority of excited donors in this region transfer energy to acceptors.
The above calculation is approximate. However, its message is clear. Without the necessity for substantially changing the overall rate of fluorescence decay, 15 the molecule emits efficiently into absorption dominated MDRs within the active region.
V. SUMMARY AND CONCLUSIONS
In summary, the spatial character of energy transfer in dilute microdroplets has been revealed through microphotography using an aerosol particle fluorescence microscope. 9 The efficiency of the process near the surface is nearly 10ϫ larger than the volume averaged efficiency, and 1000ϫ larger than anticipated from the theory of Förster transfer. The origin of the effect as revealed by microphotography may be understood as the result of the modification of the photon density of states in this region. This modification causes donor molecules near the surface to couple their excited state energy, with high unit efficiency, into long-lived optical resonances ͑MDRs͒, where it is efficiently absorbed by a low concentration ͑ϳ10
Ϫ6
͒ of acceptor molecules. What we have come to call MDR-enhanced energy transfer, might just as well be termed QED-enhanced energy transfer, although semiclassical theory 3, 6 may be used to describe the effect. 5 Although we have only investigated soluble fluors for which the overall transfer is ''diluted'' by the inactive interior of the droplets, our microphotography and theory predict a further enhancement in overall transfer for fluors at the particle surface. Recent fluorescence lifetime measurements from pure surfactant fluors suggest that the majority of emitted photons are coupled into MDRs. 16 Indeed, preliminary results on donor and acceptor surfactants at the Microparticle Photophysics Laboratory ͑MP 3 L͒ have recently confirmed this prediction. 17 
